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MATIONAEL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL MEMORAWDUM NO, 957

RESOWALCE VIBRATIORS IN INTAKE AND EXHAUST PIPES
OF IN-LINE ENGIKNES*
Part 3 - The Inlet Process of & Four-Stroke~Cycle Engine

By O, Lutz

In the first two parts of this paper (reference 1)
resonance phenomena 1n pipe lines wore consldared, the
assumption bolng mado that the excitation was producod by
simplo volocity fluctuations (which, in the inlet process,
wore assumod to be proportional approximately to the pls-
ton motion).

The abovo assumption can represent only a rough ap-
proxlimation which to some extent enables the resonance
frequercies to be correctly computed (as in Parts 1 and
2) but which fails to solve the lmportant problem for the
inlet process, namely, the effect of the resonance vibra-
tions on the volumetric efficiency. If the lattor is af-
foctod by the vibrations, the veloclty fluctuatlons at
the point of oxcitation are no longor proportional to the
piston motlon but are a function of tho vibrations. It
is ovident that any mode of computation which does not
tako this iInto account can not be used to cxplaln this
phenomonon, although proviously this had always been at-
tompted.

Toking tho case of rosonance vibrations which are
exclted by & pariodically controlled openlng, tho author
had developed a method (roferonce 2) in which the boundary
conditions woro made to correspond morsc nearly to actual
condltions than has been done heretoforoc and by which tha
change in the flow due to thoe fluctuatlions could be com-
puted. In the present paper this method will be extended
to the 1inlet process of a four-stroke~cycle engine. In
sectlon 1 the previously developed method will de driefly
described. In section 2 application will be made to the

*Uber Resonanzschwingungen in den Ansaug- und Auspuff-
leltungen von Rolhenmotoren. 3. Tellbericht: Die Anregungs—
bedingungen beim Ansaugvorgang von Viertaktmotoren. Luft-
fahrtforschung, vol. 17, no., 4, April 20, 1940, pp. 123-28.
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inlot process and the requlred boundary conditions ob-
tained. In section 3 the condlitions obtalned will bde
applied to the simplest case of a single-cylinder engilne
and, finally, in section 4 the basic principles will bde
given for application to multlicyllinder arrangements.

1. PRINCIPLE OF THE METHOD

"he case considered l1ls that sketched 1in figure 1.
At the end of the plps x = 1, the flow passes through
a periodically controlled ovenling into a chamber whero no
back nressure 1s assumod to be bullt up. Tho narrowost
flow cross section 1s deonoted by £, the pipc cross soc-
tion by fp. With the notation of figure 1 we have

v - wp®) = pp -7

(whoro the looal acceloration tern is neglected). Using
the contiauilty ceondiltion:

fv =fr Vr

we have

£ 2
R ————— =(p, -~ p) (1)
T /fre -2/ P T

Defining nean values ?o' fos Pro» ond py, Dby

_ Av Af
vr=v°<l+__—),f=f(1+——-
Vo o fo

Apr \ A
Pr = Pro <1+Pp ) P=po(l+—B
ro Po

and noglectiay products crd powers of the reolative devia-

tions from tho meaz valuos él, %i, etec., wo ﬁnve
Vo o

(2)

4|

= Lo J/GE( - )
® ez - £43Y P Pro T Fo!
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and

~Ap  N- - ;s App = Ap
- _g__ r
av ( 2(Pro = 11'0)“>+ Vo 2(pro - Po).') ()

(For simplificetion o/ £,° = £2 has been set equal to

v‘fra - foa -0lnce the Jjet cross saqtion f will always

be small compared to the pipe cross section fnp.)

In the paper ¢ilted previously the idea was developed that
for tho computation of tho magnltude and phaso of tho vi-
bration the linear terms are usod while for the computao-
tlon of the changes in thoc mean values the torms of highor
order worc used, terms of second order only belng taken
into account at first. Thus, setting the mean velocity
equal to the sum of the mean value v from equation (2)
for the system without vibrations and the increment Av,,
which gives the changes by the vibration process:

Vo= Vo + AV, (4)
we have
_ £,
To = i /20024 - 10 (2)
SV AT
v
Av = 7% Af + To (Apy - Ap) (5)
o 2(ppo = D)
?0

Av, = az(apy = &p) (8

2f (Pro - Do)

As described in the first part of this paper (reforence 1)
and 1n the provious work, the computation 1s carried out
using complex variables, sotting

Av = § y_ 1owt )
-n
Af = ;_Q_ ) quinwt .
° 1nwt (7)
Apr = pa & BR/
Ap = pa E.g;oinwt -

(a denotes the velocity of sound; all vibratlon vectors
are converted to the dimenslons of a velocity.)
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Fron eguation (5) there follows the boundary condition:

Yo = Z +c (22 - 28) ' (8)
where € 1g the "opening poefficionf" given by
pav, a.foa

(9)

€ = =
2(pro = Po)  Tolfp® = £,7)
For the dcviation Av from the mcan value there 1s ob-
taincd from aguation ?6)

g = 2T
o~ W .
. € 1 inwt \i 1nwt
Av, = ?c; T [(z Ixo )Lz (22, ~ BMo ] at (10)

‘0
Ia tko previous work 1% 1s ther provon tkat

o = 2= IE3(E2, - B (10e)

Av —_
2V,

where the sum 1s bullt up of scalar products. Thus, 1if
the difference vector 2¥ - P® 1s out of phase by less
than a quarter period with the opening vector F&, the
average quantity of charge delivered is increased by the
vibration process, In the previous work examples for
this case of excltatlon were computed and agreement of
tho test rosults with the computation proven.

2. APPLICATIOJ OF THFE METHCD TO THI INLET PROCESS

The 1alct process in the caso of a four-strokeo-cyecle
engine can bYe divided up into two procosses, tho first of
which was alroady coasidorod in scction 1, namely, the
flow process throuwgh the coantrolled opening cnd the charg=—
ing process ilaslde tho cyliader.

for the first proceoss the boundary condition is al=~
readr knownt

Y,.=F* + ¢ (B - B%) (8a)

(written down for the fundamontal); the socond process
requlros furtnor consideration.
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For an adfabatic charging process, wé have, with the
neotatlon.of figure 2:.

L (1)

where G 1g the vartable welght of the gas, J the in-

stantaneous cylinder volume. - The rate of change with timse

is

at at KD at

Converting - the cyiinder volune into pipo lengths by

J
8 = ——
Ty
. aG
there 1s obtalined with E? = Yfrvr.
- 4s. . s ép
Tr = dt Tkp ot (12)

If no pressure fiuctuatioﬁs were set up 1n the cyiindor;
the boundary conditlion would be

ds
v = e— 120-
Yr = T3 (12a)

As in section l,the méan values and the deviations from
those nmoan valuos

»

_d'_§.=c<1+A_c s=5°<l+_A_ﬂ.>
at ° Cq 8,

are again substitutod in equation (12).
As

14 —
A 8 By 4 A
vo<1 + %-‘-'-) = co(l r =) =2 o _F (121)
o o KPo 1 4 AR at
Po

and tko vibration magnitudos as in oquation (7) oxpressed
in conplex form:
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N e ':_:"-::”._ ) -.

Ac =% Cpeinwt

s aiie (13)
se =3 5yt Wt
The linocar torms then lead to the boundary condition
(writtea for the nth harmonic):
s, .
Ypn =8y + 1 = Zn (14)
The terus of second order give for the mcan vnlues:
L T dt . Pa®pg dt

In the same menner as for equatloans (10) and (10a), setting
Avo = Vg = Cqo, there 1s finally obtained

— w -
Avo = 5=Z5a 1 o B} (15a)

(The last terz in ecuation (i5) gives no contridbution
since the first derlvative of the functlon itself leads
by & quarter perlod, so that the scalar product of the
two vanishes.?

Betveen the harmonics Sp, vwvhich give the cylinder
volume at any instanrt, ard the harmonice Cn,2 which give
the instantareous pliston wvelocity, there is a definite ro-
lations In filgurs 3 tne periodic relation is drawn for a
four-stroko-cycle onginc ?offoct of fiaitoe cornecting rod
noglocted). The fundancntal frequeney of the inlot proc-—
oss (thet is, half the engine fraquency) 1s donotod by w e

We havo

c = %% s thus c¢; = 2ws;, (16)

Expansion into a hormonic series gives
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L

e s 43 8y sinwt + % sin'Bw t + 3/2 8, 8in 3w ¢
° @ 4 - .bm

2 .
+ 7— 8; 8ln 4wt ...

3g _
and - r (17)
1 : y !
g=—2;c1+-?$clcoew§h+—4—coszfut
/2 1
+ 2 01 co8 Bwk + £ oy cos 4 Whe e

from which, using equation (16), there 1s obtained

d5n na
— = — 0 (18)
at 4 —8
or
ws = % Cn (18a)

Equation (15a) then goem over into

n2 .
A v, =~ 5a nC, B2 (151)

The boundary condition at the cylinder end of the pipe
1s thus given by the vector equations

Ypon = Ef + ¢ (B7p - B¥) (8)
and
nws
Ypn =8, + 1 -:rg 22 (14)

whlle the change in the volumetric efficiency due to the
vibratlion procoss 1s given by

3
n
Avy = - 5= I8, g_; (151v)

It should bYe pointed out once more that =n. gives the order
of the harmonic and 1s not a rotatlional specd.

Botwoon fhc "opening coefficient” € in equation (8)
and the frequency w for the inlet process of a four~
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stroke-cycle engine there i1s.:a hypsrbolic relatlion. For,
from equation (9),

a fo2 ' (9
= — . : 9
€ vo(fra '_ .-foa)

The moan pipe velocity"?o (without taking account of the
vibration effect) 1s proportional, however, to the ongire
apcecd and thus to the fundamental frequency w « Thus,
from equation (17),

— Cy
Vo = Bn (17a)
whonco, ueing cquation (18),
- _ wsi
Vo = o

According tc figure 3, the stroko amplitude s and tho
moan valuo 8, are connected by the relation

8¢ + Bl
1 e ——— 2 ev

(cv ig tho comprcssion ratio), so that, finally,

€_ - 1 ws
¥ = —L 2 (17D)

€ = e (19)-

with

B = "(EV + 1)foB (20)

(ev - %)(fra - foa)

3. BXAKIFLE: SINGLE-CYLINDER ENGIKE

Lot tho pipo connocting to the singlo-cylinder engine
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be of length 1 (fig. 4). As proven in the first paper,
for an open pipe the followlng relatlons exist between
the vidretlion magnitudes

1 N
ER=-1 tan — ¥y.
and > (21)

1

Vo = —m Y.

~T
cos ‘Lal'

.,

¥ith boundary condltlions (8) and (14), written down for
the fundamental, ard taking sccount of (19), there 1s ob-
taired after elimination of the magnitudes 2%, B*, and
Y

! ! 2
Io(cosm-ﬂainﬂ+;§<?—s£’-) cos-m'->
o a B a a

a
1 rwsg\2
=g+_<__°)1* (22)
S B\ ay
for 8, = 0O, the equation assumes the known form
¥, cos %§-= '] (220)

Equation- (22) describes the vibration processes in a
general form., If the dimenslons of the syetem are known,
the ontlire process can be followed with tho ald of thils
ecuation. (In a lator report.an examplo will bo computoed.)

The conclusions in the prosent paper will de odbtalned
wvit: the ald of a slmplified sxample.

It will bo essumeod thet
8y = Ll ona'p=1 (23)
and, further, thcot the conitrolled opening follows the vari-
ation in the piston speed in figure 3. Since all the vi~-
bratlon magnlitudes are roduced to the dimcnsions of a ve-

locity, we have in tkis case simply

"F* =g (23a)
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1
Finally, let the nondimensional expression %% = . The

boundary conditions (8) and (14) then become (for the
fundamental)

2
Y. =C8+§ (P2 - P*) (8a)

and
T, =8 +.1 3¢ (14a)

and we have in place of (22)
Y (cos -2 g1np o+ ¢ g’icos B): c(1 + 1 -2l (221p)
Loll08 @ = 3 @ 4 = 4

from which, with the aid of {21), there is obtained

4 3
l - Ekan¢ +-97 ? tano
2 16 8
Y. = ¢ -1 ] (24)
2 g4 ® 2, ot
(1-Q-tan \ + — (1 = tan q’) + 16
2 / 16 2
FProm (l4e) there is furithe* obtained
a
- %r ten @ ten @ - % tan® @
E* = =3 X £ -1 r.) (] (25,
1-2¢ ) + 1 -2 )9 @
( 28n®) *+ 13 \} ~3ten @) * 1%

From the cbove equantion (25) and squatior (15b) the effect
of the fundameatal on the changoe in the volumetric effi-
clency caa bo obtained.

Yo havo
cp»
A o ow —
Yo 8a
which, with tha ald of eocuation (25) bocomes
B
w5 tan @
320
AVO = = _g_la

) \8 @t
<} Eton @)+
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where C denotes the absolute value of tho asmplltude of
the fundameatal vibration.

From equation (17)

Cy =

and from (1l7a)

3 —
01=-—3—v°

and using the relations that led to formula (19)

qJS
Av 4 €Eg-1 8
ayr . =2 X Y (26)

Yo 97 €+ 1

(1 - % tan ¢) 2 ¥ —

The rosults can best bo represeated graphlcally. In fig-
urc 5 the rolction betweon the piston veloclty fluctuatlon
and the volocity fluctuation V, eaccording to (24) is
glvon by a polar diagrem. Tho deviation from the usual
assumption that T, 1s oqual to € is, for the oxamplo '
chosea, often considoratloe. The phaso shifits can amount
to moro than a gquarter period and coasldorable difforonces
arisz nlso iIn the smplitudos which difforences may bo par-
ticulnrly largs in the froegquency rango bofore the first
resoanuce (0 < m < 900},

Tigurec 6 shows the varilation in tko velocity fluc-
tvation YV, at the pipe ontrence (according to (21)).
It 1s intorcstlng that a0 narkoed resonances occur although
no donping haos been assumod. Whoreas, with thoe usual as-
sumption V. = G. the veloclty fluctuatioa YV,' 1i1s 1n
phese with C \shown dotted) and becomes irfinitely great
ot tho rosonance positions (90°, 270°) the phase position
of YV, changos.continuously but ro infinitely large ampli-
tudes aany longor occur. Tke oval-shaped loci describod
by the tip of the vector Y, take a surprising course.
The first oval, whiech 1s for O < @ < 180°, ig large; the
socond (180° < 9 < 360°) 1is ancll., From thea on, how-
ever, tho ovals boconc incroasingly large. ZIZxaninlng the
relatlions noro closoly, we find that the valve notlon 1s
noinly roesponsible for this inerease in tho vibration val-
ues. It nay thorefore be concluded that oach ckhangs in



12 'NACA Tochnical Memorandum No. 957

the valve notlion nust have ar inportant effoct on the
processs For large frequeacles, that is, for large val-
ues of @ or wl/a. the linear ard the quadratic terns
in oquetion (22) are predominant, so that equation (22)
nay be replaced by

v, (- 20 ain s 2(20) cop W) 1(220) pe

-0 a a
or
| wl
¥, (cos 24 P sin — ) = ik (22¢)
& il
a

Without glving a detailed proof (reference 2, p. 37), an
equation of the form (22c) describes the process at the
entraace of a throttled pipe line (flg. 7) which et the
other end 1s excited by a Fluctuation in the size of the

opening ¥*. The factor corrosponds to the'throt-

ws,,

a

tling coofficiont" §,, which, in the reforcnco cited,
was decrlved as .

2 3
5. = fr_Yo_ Ta
1 7 22 a  av
£ )

At the higher frequenclos theroforec the system may be reo-—
pleccd by that shown 1an figure 7, whero the throttling, it
may bc remerked, 1s to be chosen smaller with incroasing
froquencles.

In figurv §, finally, thec varlation of the volumetric

Av : : w
efflciency ‘VTS 1s. showvn as a functlon of @ =S "al'. if =
Yo ’

compression ratlo of €4 = 6 1s assumed. It 1s found
~that the vibration may givo risc to improvoment as well
as to impairmoant of the volwumcntric efficioncy. The an-
plitudces Vo of tho velocity fluctuations at the pipe
ontranrco (from fig. 6) aro also drawn. Tho first reso-
nanco position occurs aread of tha valuo (90°) velid for
the assumpilorn V, = 0, +the difforence amounting to 33
percoat.s The subscguont resonnace positioas, howover,
diffor only sligzhtly (270°, 4509, 630°,..). Tho figurc
also shows cloarly the incrcease in tho maximum value at
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the highor resonance positions (lesser throttling). The
gains in volumotric officloncy always occur ahecad of- the
vibratlion rosonance positions, boecomoc equal to zero at the
resonance positions, and bocome negative after the rosonanco
positions, In the oxamplo chosen, the best value of the
gain 1s about 30 percent and at the highoer rosonance posi-
tions no more than 6 or 7 percont., If the fatt is token
into account that the vidration process 1s assumed to be
without losscs (frictioncl and damping), no important of-
focts should bo expected, at least at tho hlgh resonances.

A lotor report will givo the results of an investiga-
tion made with the ald of examples to determine how strong
is the effect of certaln factors, particularly a change 1n
the timing of the opening cross section, :

_ For tho present the following conclusions may be
drewn?

1. Tho 1nlet process 1ln tha caso of a four-strokee
cycle vngino lcads to vibrations whkich may
conaslderadbly diffor from those that aro ox-
citod by a puro velocilty fluctuatlon. With
opon plpes no iafinitoely large vibratlons occur,

2. The froquonclos of tho large vibrations (rosomnance
froquenclos) are lowor at tho first rosonanco
position than 1n the casc of velocity oexciltatlon
and the intake pipo thus appears as oclongatod.
The higher rosonances, howevor, aroe in good
acgreomont,

3¢ At hlgher froquconcios the systom operctoes like a
pipe throttled at the ontrance, which at 1ts
other end 1s oxcltod with a velocilty fluctuctlenm
oqunl to the openling fluctuatlon,and it 1s necos-
sary that tho throttling be reduced with lncrcease
ing froquency.

4, As o rosult of the vibration'the volumetric offl-
cieaey can bo conslderably affected,

5 A goln in the volumetric offlcioncy always takes
Place ahoad of the rosonance positions (in the
sonse of increasing volues of wl/a). It is
largost bofore tko first resonance position (30
porcent for tho example ochosen), Beyond the
resonance positions the volumetric efflcloncy 1s
impaired. )
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4, MULTICYLIRDER ENGINES

The treatment of multicylinder englnes presents no
furdemental difficulties. The phenomena soon become so
complicated, howsever, that the general treatment promises
fow results of fundamental lmportance, The 1lndividual
treatment of a given system 1s not difficult. The rela-
tlons for a two-cylinder system will bo briefly developed.

The 1ntake piplng of a two-cylindor ceagline 1is
skctchod 1n figurs 9 It 1s known from the previous pa-
per that the process can bo simply followed 1f tho plpos
are considered as made up of simple "open!" pipe parts, as
shown in figure 10. ©Pipe 1 (length 1 ) has the required
velocity fluctuation Io at 1ts entrance; the pressure
fluctuation 2P,* can be set equal to zero (open pipe).

At the end of this pipe the fluctuations are given by the
rollowlng known relatlons

_B;:; = = 1 gin gl IO
a
wl
_V_'II cos - Y

Pipa 2 (loagth 13) 1s also "open" at tho entrance since

at thies polnt the pressure fluctuation to be superimposcd

on that of pipe 1 1s P*1= 0; the excitling velocilty fluc-

tuation (%o bo dotermlned) is Y.;. OCorrespondlng to these
Inltial co~ditiona. the fluctuatlons at the other end are

glven by

+ 1 sin

.21‘3 I

it =

|
|
]
(]
o
/]

The fluctuations of the ontire system at the other end
are theroforo

2;3.= -isin %?.Eo + 1 sin E%E ¥ (27a)

ul
Yi1 = cos %% Yo - cos -aa Y, (27b)
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?

It 1s now necossary to find the rolation betweon the fluc-
tuation values of the veloclty, tho prossure, and the in-
tako system (piston veloclty and control opening)..

Boundary conditions (8) and (14) using the opening
coofficiont € given by equation (19), may bo written
for tho fundamontal):

Yp o= I* + —— (Bp* - B*) (81b)
—_8
a
and
Wws
¥p=0+ 122 (140b)

Eliminnting P%*, tho rolation botween YV, and P,*3

w2s 3 ws
C+1 Bag e i TO_
¥, = . + Pa" (28)
14 g W2E07 141 90507
+ et ————
Baa + Baa

end sctting

= (29)

o]
lca
I

and -
ws,

a
3 2
ws,
Ba3

(29a)

Jo
I

1l +
the rolatlon may be put in the goneral form
YV, =2 C+3bP.* (28a)

If oqual cylinders aroc assumed, with the arrangement
of figure 9, the values & ard b for both points of
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oxcitufion arc oqual, aad the following rolations aro obe
talned

Vi =2 y + b BY (27¢)
and
Vir = & C11 + 2 BR, (274)

Tho pressure fluctuation which occurs in the open pipe
portion 1 at the distance 1, from the plpe euntrance is

Zilven by

BX = =1 sin E”—;l v, (27e)

From the five relations ((272) to (27e)) thus set up, the
five unknowns Yq, Y3, Y77» 2;1. and Pp* may be deter-
mined. '

In the same menner every system can be lnvestigated.
General concluslons are difficult to draw because the co=-
erficients & and b are direcied magnitudes (vectors)
which are not constant but vary wilth the frequency.

5. SUHMARY

Uslng a proviously developoed method, the boundary
condltions for the resonance vibrations durlng the inlet
procese of four-strokec-cycle engines are set up. The
rceults deviate considorably from those obtalned under
the assumptlon that the volocity fluctuation 1s propor-
tional to the eylindor piston motlion. Tho deviation 1s
loss at tho positlon of resonanco froguencics. By tho
method developed, the effoct of the resonance vibvrations
on tho volunmetrlc efficlency can be demcunstrated.

Prenslatlon dy S, Roiss,
Yatioaal Advisory Committeo
for Aoronautics.
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I P
B

Figs. 1,3,3,4
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setting up
thg boundary condition
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Figuore 3.~ Piston velocity and cylinder volume during the inlet process.
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. o
¥, : ¥- cos; )

60

SO

Figure 5.- Rela.tion between

the piaton velocity
fluctuation § and the velccity
fluctuation V. (assumption
made: Vy = C).
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Figure 6.~ Volocity fluctuation V, at
" the pipe entrance (Vo' holds
Figure 7.~ Equivalent system. for the usual assumption V.= C).
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Figure 8.~ Change in the o
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. Figure 9.~ Schematic two-cylinder

ki
wal
pa iy O I arrangement.
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Figure 10,~ Method of considering - . o
the pipe in Fig. 9 as ' LA Gy = +isin G2,
divided into two open pipe parts. ‘;‘" _’;_nx L %—"’5
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